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Outline
•  Sensor Characteristics
•  Nanomechanical Sensors
•  Receptor-Based Sensing
•  Small Molecule Detection
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Sensitivity Without  Selectivity is Useless
 for Practical Applications
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Microcantilever arrays
• Ideal displacement sensor
− Sub nm sensitivity
• Displacement ~ force
• Surface stress (Bending)
• Frequency (mass loading)
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Molecular Adsorption and Nanomechanics
• Adsorption decreases surface free energy
• Surface free energy density (J/m2) = Surface stress (N/m)
• Cantilever beams with spring constant in the same order
of magnitude as the free energy change undergo bending
due to adsorption
• Resonance frequency variation - inertial mass loading






























Basis for highly sensitive sensors
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Immobilized Receptors Bring Selectivity
• Receptors (Selective Coatings)
− Polymers,
− Self-assembled monolayers (SAM),
− Nanoparticles,
− Bio-molecules
• Surface coupling chemistry







− Matrix assisted laser desorption
− Ink-jet deposition
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DNA hybridization Detection
Wu, G. et al. “Origin of nanomechanical cantilever motion generated


















Measured mass is 5-10 times higher 
20-10 case
Brownian Motion
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Antibody-antigen interactions: High
Selectivity
• Cantilevers with immobilized ricin
antibodies undergo bending when
exposed to ricin under solution
• Response time can be reduced by
using smaller liquid volume





































Bio-Receptors Are Highly Selective
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Selectivity Non-Biological Molecules
• Selectivity can be achieved by incorporating a multimodal
approach of receptor and receptor-free techniques




- Nano thermal effects
• MEMS can provide a versatile platform for multi-modal
detection
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Bending deflection response of the coated microcantilever towards












Detection of Cs+ Ions in Water With High Specificity
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SAM is Extremely Selective to CrO42-
Ion
SAM Reduces The Surface Stress
CrO42- Forms Ion Pairs And Increases The
Surface Stress
Extremely sensitive and highly selective
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Specific Ion Detection:  CrO42-
Triethyl-12-Mercaptododecyl Ammonium Bromide SAM And Ion
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CrO42- Detection Using 4-mercaptopyridine  SAM:




























R7 Sample R8 Sample
Microcantilever Response to Contaminated Hanford Water
0.1 M H2SO4 electrolyte, electrochemically reduce to regenerate
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Hg2+ Detection: Sensitivity and selectivity of gold-
coated cantilever sensors
X. Xu et al., Anal. Chem., 74, 3611 (2002)
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Bending of the cantilever to 1x10-6 M
of CH3Hg+ in water (three experiments) Bending of the cantilever as a function
















Detection of Methyl Mercury:
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- - - -
silicon
Au
Cysteine forms a SAM on gold
Previously reported for electrochemical sensor for copper
One Cu per two cysteines
Time, s
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Cu2+/L-cysteine SAMs are highly selective
for  detecting DMMP









































































Dimethyl methyl phosphonate (DMMP)



















Injection of 10-9 M of DMPP
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(Pinnaduwage et al., App. Phys. Lett. 2003)
PETN adsorption
Frequency - Brownian motion - Adsorbed Mass
Bending - Adsorption Energy 
Two Orthogonal Signals (frequency and bending)
collected simultaneously
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Increasing Selectivity Using Cantilever
Array: Pattern Recognition
Small molecule detection requires pattern recognition since there are only
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Array-Based Selectivity of Small Molecules
Lever-2/Coating-B  -  Response to Acetone
Time (sec)




























   Vapor
22
OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY


















•  Cantilevers can be heated to higher temperatures in milliseconds
•  Higher  binding energy interactions can be used
Irreversibility is an 
Issue for bulk 
sensors
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Selectivity Challenge: Lessons from the nature
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Select Sequence with Highest
Binding Affinity
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Electrochemical Speciation -



































Detection of limited analytes
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Mechanical Electrochemistry: Charge Transfer
gold-coated cantilever electrode (0.1 M PB solution in presence of FcCH2OH)
Voltage (V) vs Ag (QRE)

















Voltage (V) vs Ag (QRE)






















A. Voltammogram: concentration dependent
B: Stress: concentration independent
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Gibbs-Duhem Equation Lippman Equation
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Electrochemical Deposition of Cu(II)
Time (sec)









































300 sec deposition at -0.4 V
Potential-controlled microcantilever can be used to detect Cu(II) 
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Stripping Analysis: Voltammogram and Differential
Stress in NaNO3 during first anodic sweep at 40 mV/sec
after 30 min deposition in NaNO3 solution with and
without Cu(II) at –0.4 V
Voltage (V) vs Ag (QRE)

























Voltage (V) vs Ag (QRE)





















10-5 M Cu2+: Γo*=1×10-9 mol/cm2
10-6 M Cu2+: Γo*=6×10-10 mol/cm2
10-7 M Cu2+: Γo*=0.6×10-10 mol/cm2
Voltage (V) vs Ag (QRE)

























The redox active species on microcantilever electrode during the stripping 
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Surface stress of 4-mPy coated microcantilever
as function of time in 10-4 M Cr(VI)/H2SO4
solution
Time (min)














The time dependence of the change in surface stress shows that
the adsorption of Cr(VI) on a 4-mPy monolayer
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Voltammogram and Differential Stress in
10-4 M Cr(VI)/H2SO4 solution as function of sweep rate
Potential (V)































































Voltammogram: dependent on the potential sweep rate
Diffusion-controlled electro-reaction: dissolved Cr(VI) and Cr(III)
Stress: independent of the potential sweep rate
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Thermal Characteristics of Cantilevers
• Cantilevers can Be Heated To 600oC in
ms
• Temp.-Time Gradient (106 - 108 oC/s)
• Bending Due To Bimaterial Effect
• Low Thermal Mass
• Low Power Consumption



































Heating Characteristics of a
Cantilevers
4µm Thick Cantilever
Present design thickness less than 1 µm
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• Unique thermal signatures
• Very reproducible
• Detection is done in less than 0.05s
•  Pre-concentrator is necessary
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Handheld Device
PAST
SniffEx Name is no more used
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Miniature Sensors With Telemetry:
Batteries Included• 8 Piezoresistive cantilevers
• Integrated electronic readout
• Telemetry
• Low power consumption
• 3 cm X 1 cm (diameter)
• No pump
In Collaboration with T. Ferrell (UT)
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Voltammogram and Differential Stress in 0.1 N H2SO4
solution during 1st first cyclic voltammetry as function of
immersing time in 10-4 M Cr(VI)/H2SO4
Potential (V)






















































• The adsorption of Cr(VI) on a 4-mPy monolayer approaches the formation of
   approximately one monolayer after 30 min.
• The contribution of the charge transfer process at the microcantilever-
   electrolyte interface to the surface stress is limited to that of about one monolayer.
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Partition Coefficients:
















Strong interactions lead to 
high partition coefficients
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